Monoclonal antibodies (mAbs) are increasingly used to treat autoimmune conditions that affect women who may become pregnant or breastfeed. These conditions span various subspecialties, and many are neurologic including migraine, myasthenia gravis, MS, neuromyelitis optica spectrum disorder (NMOSD), and autoimmune encephalitis.^[@R1][@R2][@R6]^ However, the optimal treatment of these women during the peripartum period remains uncertain.^[@R7]^ Although immunoglobulin (Ig) A is the primary immunoglobulin in human breastmilk due to transport mechanisms,^[@R8],[@R9]^ IgG-based mAbs with large molecular sizes and limited transport mechanisms are largely precluded from transfer into breastmilk.^[@R9]^ Most immunoglobulins have low oral bioavailability, which reduces the likelihood of absorption by breastfeeding infants^[@R8]^ to less than 25%.^[@R10]^ It is generally recognized that secretory IgA, the primary class of Ig in human breastmilk, is stable against enzymatic degradation.^[@R10]^ The neonatal Fc receptor (FcR) could allow passage of some undigested IgG molecules into the neonatal circulation, although it may be stripped from the IgG during passage through the gut.^[@R11]^ Limited safety data on the use of mAbs during breastfeeding have resulted in women being advised to either forego breastfeeding despite strong evidence for maternal and neonatal benefits from breastfeeding^[@R12]^ or forego treatment until weaning.

Recently, several studies investigated this research gap and provided evidence-based recommendations for women who may benefit from treatment with mAbs in the peripartum period and concluded that biologic therapies used in inflammatory bowel disease (IBD) are compatible with breastfeeding.^[@R13],[@R14]^ Here, we performed a narrative review to assess current knowledge about the transfer of mAbs in breastmilk.

Methods {#s1}
=======

The bibliographic databases PubMed and EMBASE were queried from inception through April 7, 2019. The reference lists from each medication entry in the Drugs and Lactation Database (LactMed) were also reviewed from inception through May 11, 2019. The search located terms in either the article title or abstract contents in PubMed and EMBASE. We included mAbs used in the treatment of neurologic autoimmune diseases, as well as other non-neurologic conditions such as rheumatoid arthritis (RA) or IBD. The following mAb search terms were included: "adalimumab," "alemtuzumab," "bevacizumab," "certolizumab," "daclizumab," "eculizumab," "erenumab," "fremanezumab," "galcanezumab," "golimumab," "infliximab," "natalizumab," "ocrelizumab," "ofatumumab," "rituximab," "satralizumab," "tocilizumab," "ustekinumab," and "vedolizumab." The term "monoclonal antibody" was also searched in an effort to find additional articles discussing the aforementioned mAbs, additional mAbs, and general concepts pertaining to mAbs. The following search terms were used in combination with each of the mAb terms previously listed: "breastmilk," "breast milk," "breastfeeding," or "lactation." A medical librarian assisted with the structure of this search.

Studies were included if they examined the use of mAb therapies in human breastmilk, published in English with full text available. Studies with data derived solely from animal models, or available only in abstract form, were excluded.

When available, we extracted the following data: (1) absolute average and (2) maximum absolute mAb dose to the infant in a 24-hour period and (3) relative infant dose (RID)^[@R15]^ (see [table 1](#T1){ref-type="table"} for calculations). Data on the clinical condition studied, treatment details, breastfeeding details, and pregnancy and infant outcomes were collected when available.

###### 

Calculations used to measure antibody content in breastmilk
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Results {#s2}
=======

The search yielded a total of 529 references ([figure](#F1){ref-type="fig"}). One additional study was added after the literature search based on expert knowledge of an additional article published after May 11, 2019. After duplicates were removed, 289 references were screened by title and abstract review (S.L. and R.B.). A total of 62 full-text studies were assessed for eligibility, and 30 studies were included (S.L. and R.B.). Data were extracted (A.A.) and checked (R.B. and K.K.) for individual study-level information relating to measurement of mAb in breastmilk ([table 2](#T2){ref-type="table"}). No relevant studies were found for the following mAbs: alemtuzumab, daclizumab, erenumab, fremanezumab, galcanezumab, ocrelizumab, ofatumumab, and satralizumab. Data on the use of ipilimumab (IPI) and ranibizumab were found in the process of study review.

![Flow diagram of study identification and inclusion as according to PRISMA 2009 guidelines\
The database search yielded a total of 529 references, which were screened for duplicates, full-text availability, and content; 30 studies screened eligible for inclusion in the review.](NEURIMMINFL2020027441f1){#F1}
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Summary of studies reporting measurement of monoclonal antibody (mAb) therapies in breastmilk in women with chronic conditions treated during pregnancy and breastfeeding
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CD20 inhibitors: rituximab {#s2-1}
--------------------------

A single case study of 1 mother with granulomatosis with polyangiitis and a prospective registry, which included 9 mothers with MS, investigated the presence of rituximab (RTX) in breastmilk.^[@R16],[@R17]^ Across both studies, 5 mothers conceived within 6 months of their last RTX infusion; all 10 women resumed or initiated RTX within 1.5--11 months after delivery. All 10 women provided breastmilk, a total of 34 samples (5 with serial samples), collected from 8 hours to 90 days postinfusion. Six mothers elected to continue breastfeeding after RTX treatment.^[@R16],[@R17]^ Although present in all samples, the concentration of RTX was minimal, with the maximum concentration of 0.6 μg/mL observed 8 days postinfusion.^[@R16]^ One study determined a low milk/serum ratio of 1:240 of RTX in breastmilk relative to maternal serum.^[@R16]^ The maximum RID of 0.33% was observed in a single sample provided 11 days postinfusion, although among women with serial samples, the median RID was 0.08% (range 0.06--0.10%), and estimated 24-hour infant dose was 9.4 μg/kg/d (based on C~avg~ in breastmilk).^[@R17]^ Five of the 6 infants breastfed after maternal treatment with RTX were followed between 8 and 18 months with normal development, no serious infections, and routine vaccination (vaccination schedule only reported for 4 infants^[@R17]^).

Complement protein C inhibitors: eculizumab {#s2-2}
-------------------------------------------

One prospective study of eculizumab during pregnancy and breastfeeding followed 75 pregnancies in 61 mothers with paroxysmal nocturnal hemoglobinuria.^[@R18]^ Forty-five of 46 mothers treated before conception continued treatment throughout pregnancy, and 29 mothers initiated eculizumab during the second or third trimester and continued postpartum. Measurable eculizumab was detected in 7 of 20 cord blood samples with a concentration ranging from 11.8 to 21.2 μg/mL. Twenty-five infants were breastfed following maternal eculizumab treatment, and 10 mothers provided a single breastmilk sample posttreatment: none showed detectable eculizumab (5 μg/mL lower limit of detection). Sixty-four infants were formally followed up to 12 months of age; the number of these infants breastfed following maternal treatment was not specified. All infants were healthy and reached normal developmental milestones with the exception of 2 infants: one with asymptomatic neutropenia after delivery and another with slightly delayed speech, and for whom breastfeeding status was not reported.

CTLA-4 inhibitors: ipilimumab {#s2-3}
-----------------------------

IPI during breastfeeding was prospectively evaluated in 1 woman treated for metastatic melanoma.^[@R19]^ A course of 4 IPI infusions administered at 3 mg/kg every 3 weeks was initiated postpartum, and breastfeeding was temporarily discontinued until 3 weeks after the final infusion. The mother provided breastmilk serially sampled up to 25 days postinitiation of treatment. Although IPI was detectable in all samples, the concentration reached a Cmax of 0.147 μg/mL at 4 days after the second infusion (21 days posttreatment initiation) with a notable increase at repeat infusion.^[@R19]^ An estimated infant exposure of 53.481 μg/d was calculated based on the average IPI concentration available in breastmilk and average breastmilk intake by infants within 24 hours. Based on this potential exposure, a concern for cumulative toxicity was noted, given that over the course of 12 weeks of treatment, the potential infant exposure would reach approximately 4500 μg/mL.

Integrin inhibitors: vedolizumab (α4β7) and natalizumab (α4) {#s2-4}
------------------------------------------------------------

### Vedolizumab {#s2-4-1}

Two cohort studies prospectively followed a combined 13 pregnancies in women with IBD treated with vedolizumab (VDZ) during breastfeeding.^[@R20],[@R21]^ All 13 mothers elected to continue breastfeeding after VDZ treatment, and 10 provided breastmilk, serially sampled between 30 minutes and up to 15 days postinfusion. Before the infusion at which breastmilk collection occurred, all mothers had received infusions at an earlier time point. Minimal concentrations of VDZ were observed in all samples, with the highest concentration of 0.478 μg/mL observed 3 to 4 days postinfusion.^[@R21]^ The ratio of maximum vedolizumab concentration in breastmilk was calculated to be less than 1% of the concentration in maternal serum.^[@R20]^ All 13 infants were followed up to 10 months of age and were found to have normal development, routine vaccinations, and no serious infections.^[@R20],[@R21]^

### Natalizumab (IgG4) {#s2-4-2}

Unlike most other mAbs, natalizumab (NAT) is an IgG4 subclass. There are 3 prospective studies of safety of NAT during breastfeeding in women treated for MS^[@R22],[@R23]^ or IBD.^[@R24]^ Cumulatively, 13 infants were breastfed following maternal resumption of NAT postpartum. Seven of these nursing mothers provided breastmilk samples between 1 hour and up to 50 days following the first postpartum infusion; several mothers gave multiple samples after 2 and up to 5 maintenance infusions. NAT was detectable as early as 12 hours,^[@R24]^ and a notable increase in concentration over time with repeat infusions was observed.^[@R22],[@R23]^ The highest concentration, 2.83 μg/mL, was observed 21 days after a second postpartum NAT infusion (and 50 days after the first infusion).^[@R22]^ In this study, maximal RID was calculated as 5.30% (based on the peak concentration) and 1.74% (based on the average concentration).^[@R22]^ A risk for accumulation of NAT in breastmilk in women receiving multiple infusions was identified in 2 studies, providing a rationale for longer duration of follow-up.^[@R22],[@R23]^ Longitudinal infant outcomes at 12 months were assessed in a pooled cohort comparing development and infection rate according to breastfeeding status in 824 infants whose mothers were treated with various mAbs, including 12 treated with NAT, 8 of whom breastfed posttreatment, with no significant risk observed overall.^[@R24]^

Interleukin inhibitors: tocilizumab (IL-6) and ustekinumab (IL-12 and IL-23) {#s2-5}
----------------------------------------------------------------------------

### Tocilizumab {#s2-5-1}

Three prospective studies evaluated the safety of tocilizumab (TCZ) during pregnancy and breastfeeding for a total of 7 pregnancies in women treated for RA and adult-onset Still disease.^[@R25][@R26][@R27]^ In all 7 women, TCZ was either stopped during the first trimester or continued throughout pregnancy; all resulted in term delivery of healthy infants. Infant serum was collected at delivery in 1 pregnancy with a low, but detectable, TCZ concentration attributed to placental transfer.^[@R25]^ All 7 mothers breastfed their infants while receiving TCZ postpartum and provided serially sampled breastmilk between 11 hours and up to 34 days postinfusion. TCZ was present at low concentrations in all samples, with the highest reported concentration at 0.215 μg/mL 2.8 days postinfusion.^[@R25]^ Only 2 studies longitudinally followed 3 infants within a range of 6 to 13 months with normal development, routine vaccinations, and no severe infections noted.^[@R25],[@R26]^

In addition, a retrospective study evaluated TCZ treatment in 61 pregnancies in 53 mothers treated for chronic inflammatory conditions (RA, systematic idiopathic arthritis, polyarticular juvenile idiopathic arthritis, and multicentric Castleman disease)^[@R28]^; 2 mothers breastfed while receiving TCZ postpartum, but further details were not reported.

### Ustekinumab {#s2-5-2}

Two case reports and 1 registry prospectively followed a combined 9 pregnancies in 8 mothers treated with ustekinumab (UST) for IBD^[@R24],[@R29]^ or psoriasis.^[@R30]^ Across all 3 studies, 8 infants were breastfed during maternal UST treatment. Two studies collected breastmilk from 7 mothers, sampled serially between 1 hour and up to 16 weeks postinfusion; some samples were collected after maintenance infusions. UST was detectable in breastmilk within the first 48 hours after infusion.^[@R24]^ The highest reported concentration in breastmilk, 3.2 μg/mL, occurred 1 day postmaintenance infusion (and 16 weeks posttreatment initiation), but was observed to steadily decrease over time despite repeat infusions.^[@R29]^ One infant breastfed after maternal treatment was followed to 12 months of age with normal development and no severe infections.^[@R29]^ Longitudinal infant outcomes at 12 months were also assessed in a pooled cohort comparing development and infection rate according to breastfeeding status in 824 infants whose mothers were treated with various mAbs, including 6 mothers who all breastfed posttreatment with UST, with no significant risk observed overall.^[@R24]^

TNF-α inhibitors: adalimumab, certolizumab, golimumab, and infliximab {#s2-6}
---------------------------------------------------------------------

### Adalimumab {#s2-6-1}

Three case reports and 2 prospective registries evaluated a combined 141 pregnancies in women treated with adalimumab (ADA) for psoriasis^[@R30]^ or IBD.^[@R24],[@R31][@R32][@R33]^ ADA was given during pregnancy in 5 mothers with no adverse pregnancy complications; however, 2 of these infants had measurable ADA at delivery in the cord and 1 day postpartum in serum, respectively.^[@R30][@R31][@R33]^ At 3 months of age, ADA was no longer detectable in the infant with measurable levels in cord blood despite breastfeeding after maternal treatment,^[@R31]^ and another breastfed infant had no measurable concentration in serum at 9 days.^[@R33]^ Cumulatively, 102 infants were breastfed during maternal ADA treatment; 24 mothers provided breastmilk samples between 1 hour and up to 9 days posttreatment, and ADA was only detectable in 17 of these samples. Concentrations in breastmilk were minimal, with the highest observed level of 0.71 µg/mL between 12 and 48 hours posttreatment.^[@R24]^ In longitudinal follow-up between 7 and 18 months, 3 infants who breastfed had no serious developmental delays or elevated rate of infection.^[@R31],[@R33]^ In an additional, pooled cohort comparing development and infection rate according to breastfeeding status in 824 infants whose mothers were treated with various mAbs, including 136 treated with ADA, of which 99 continued breastfeeding, there was no significant risk observed overall.^[@R24]^

### Certolizumab {#s2-6-2}

Certolizumab is an IgG1 antibody whose FcRn transporter has been removed by the manufacturer. One study suggests that transport in the last trimester was largely blocked^[@R34]^---an investigation important because of the potential for prenatal transplacental exposure to confound assessment of relative monoclonal levels in the serum of mothers and nursing infants postpartum. Two case studies and 2 prospective studies have evaluated 103 pregnancies in women treated with certolizumab for chronic inflammatory diseases (RA, spondyloarthritis, Crohn disease, axial spondyloarthritis, and psoriatic arthritis).^[@R24],[@R34][@R35][@R36]^ More than 60 women elected to breastfeed after resuming certolizumab (CZP); 33 mothers provided 1 or several breastmilk samples between 1 hour and up to 28 days posttreatment.^[@R24],[@R34][@R35][@R36]^ Only 16 mothers had samples with measurable CZP, reaching the highest observed concentration, 0.29 µg/mL, within 12--48 hours posttreatment.^[@R24]^ One study calculated an RID (range) of 0.15 (0.04--0.3)%.^[@R34]^ No increased risk of developmental delays or elevated rate of infection was observed in 54 infants breastfed after maternal treatment with CZP in a pooled cohort comparing 12-month outcomes by breastfeeding status in 824 infants whose mothers were treated with various mAbs.^[@R24]^

### Golimumab {#s2-6-3}

In 1 prospective registry following 824 women treated with several different mAbs for IBD,^[@R24]^ 1 mother was treated with golimumab (GOL) postpartum and provided serially sampled breastmilk between 1 hour and up to 7 days posttreatment. GOL was not detectable in any samples. The mother elected not to breastfeed posttreatment.

### Infliximab {#s2-6-4}

Eight studies prospectively followed 242 pregnancies in women treated with infliximab for IBD or psoriasis.^[@R24],[@R33],[@R37][@R38][@R42]^ Mothers with infliximab (IFX) treatment during pregnancy delivered healthy infants with no long-term developmental delays or increased rate of infection.^[@R37][@R38][@R41]^ One hundred seventy-nine mothers continued breastfeeding after resuming IFX postpartum; 1 mother discontinued breastfeeding after IFX was detected in infant serum 5 days following maternal treatment, but 3 other breastfed infants had no measurable IFX in serum.^[@R33],[@R41]^ One other infant had IFX detected in serum at 6 weeks postpartum, and breastfeeding was temporarily stopped and later resumed, with decreasing infant IFX concentrations despite maternal retreatment and continued breastfeeding, suggesting that this was due to placental rather than breastmilk transfer.^[@R38]^ Forty-two mothers provided 1 or more (serial) breastmilk samples between 1 hour and up to 13 weeks posttreatment resumption; 27 women had detectable IFX levels. The highest measured concentration in breastmilk, 0.74 µg/mL, occurred within 24--48 hours after treatment.^[@R24]^ One case report noted a formal immunologic evaluation of 1 infant breastfed after maternal IFX treatment at 6 months of age with normal lymphocyte subsets, IgG, IgM, IgA, and immune response to vaccines.^[@R38]^ No developmental delays or elevated rate of infection were observed in longitudinal follow-up of 175 breastfed infants.^[@R24],[@R33],[@R38],[@R41]^

VEGF-A inhibitors: bevacizumab and ranibizumab {#s2-7}
----------------------------------------------

One case report and 2 case series investigated the use of bevacizumab (BVZ) and ranibizumab (RBZ) during pregnancy and breastfeeding for 8 pregnancies in 7 mothers treated for choroidal neovascularization.^[@R43][@R44][@R45]^ In 7 of the 8 pregnancies, mothers were treated with intravitreal BVZ injections during pregnancy, and treatment was resumed postpartum in all 8. All pregnancies resulted in full-term, live births. Two studies reported on breastfeeding status, noting 2 infants breastfed following maternal treatment with BVZ,^[@R43],[@R44]^ one of which was later switched to RBZ.^[@R44]^ Three mothers provided breastmilk sampled serially between 1 and up to 42 days postinjection; 2 mothers received several BVZ treatments, and 1 changed treatment to RBZ after 1 infusion.^[@R44]^ Samples were only analyzed for BVZ with no detectable concentration at any time point.^[@R44],[@R45]^ One study analyzed the vascular endothelial growth factor A concentration after maternal treatment with BVZ and later RBZ, noting vascular endothelial growth factor A depletion in breastmilk post-BVZ but not RBZ.^[@R44]^ One of 2 infants that were breastfed after maternal treatment had normal development and no serious infections at follow-up at 12 months of age.^[@R43]^

Discussion {#s3}
==========

In this review, we identified a total of 30 distinct studies assessing the presence of mAbs (11 IgG1, 1 hybrid IgG2/G4, and 1 IgG4 subclass) in human breastmilk in samples collected from a total of 155 individual women. To summarize the general trends for IgG1 mAbs evaluated (NAT differs in that it is an IgG4 subclass molecule), drug concentrations were typically low in breastmilk and drug concentrations tended to peak within 48 hours, although maximum levels could occur up to 14 days from infusion. Most studies did not evaluate the breastmilk/serum drug concentration ratio, but in those evaluating this, the highest ratio was 1:20 for infliximab. RID is a useful metric to compare the infant with maternal drug dose, although this was only evaluated in 2 studies, evaluating certolizumab and RTX, but was reassuringly \<1% in both. An RID less than 10% has generally been considered safe for an infant to breastfeed, although toxicity of the particular drug should also be considered.^[@R15]^ Importantly, the RID for NAT, while below the 10% commonly considered acceptable level, was estimated to be as high as 5.3%,^[@R22]^ and cumulative effects of monthly dosing are anticipated as the drug had not reached steady state by the time of the last breastmilk sample in this study. Given this, the safety of breastfeeding during NAT treatment is unclear. IgG subclass appears to be important in determining drug transfer into breastmilk, as there is greater IgG4 than IgG1 in mature breastmilk,^[@R46]^ explaining greater observed transfer of NAT than IgG1 mAbs such as RTX. Furthermore, a total of 368 infants were followed for at least 6 months after exposure to breastmilk of mothers treated with mAbs; none were reported to experience developmental delay or serious infections.

There were a number of limitations in this review. First, data on mAb use were largely derived from case reports and case series, restricting the quality rating for the evidence provided. Second, although studies were consistent in the concentrations reported across various mothers\' samples, there was an overall low sample size for most mAbs studied. Third, relevant measures such as maximal concentration and RID were often unavailable. Fourth, mAb concentrations were measured in maternal milk but usually not measured in the serum of exposed infants. More research is needed to better understand the transfer of IgG compounds across the infant\'s gut and potential systemic exposure.^[@R47]^ In addition, potential exposure during pregnancy should also be considered when measuring antibody levels in infant serum postpartum. Last, exposed infants were typically followed for up to 12 and 18 months, but not further into childhood and adolescence. Although the shorter-term data were reassuring, longer-term sequelae cannot be excluded.

Several mAbs were recently approved for the treatment of neurologic conditions, such as migraine, and thus far, there are limited data available to inform their presence in breastmilk, as is the case for many therapies used in neurologic conditions.^[@R7]^ For example, there is an increased risk of MS relapses in the postpartum period,^[@R48],[@R49]^ and early resumption of effective mAb therapies could represent 1 approach to reducing this relapse risk. Along with RTX and NAT, alemtuzumab^[@R50],[@R51]^ and ocrelizumab^[@R52]^ are 2 other highly effective mAbs approved for the treatment of MS, and to date, there are no published data about their presence in breastmilk. Although 3 cases of ocrelizumab exposure during lactation were reported in abstract form, concentration in breastmilk was not reported.^[@R53]^ Similarly, in 2018, several mAbs acting against calcitonin gene-related peptide (CGRP), or its receptor, were approved for the treatment of migraines,^[@R3],[@R54],[@R55]^ a condition that affects young adults^[@R56]^ and can commonly worsen during the first trimester postpartum after a period of relative quiescence. As additional mAbs are approved for the treatment of other conditions affecting women of childbearing age, such as NMOSD, their presence in breastmilk will also need to be ascertained.

In contrast to the limited data and lack of guidelines for use of mAbs in pregnancy or breastfeeding for neurologic conditions, prospective registries in other disciplines have improved understanding of mAb safety during breastfeeding such as the PIANO registry, in which mAb content in breastmilk of 72 women with inflammatory bowel disorders was measured.^[@R24]^ These findings were included in the American Gastrointestinal Association Institute\'s 2019 Clinical Decision Support Tool that recommends that biologics can be continued during breastfeeding.^[@R14]^ Similarly, the American College of Rheumatologists, representing another medical subspecialty that commonly prescribes mAbs, issued guidelines recommending continuation of tumor necrosis factor inhibitors (TNFi) and RTX during breastfeeding, and to consider starting or continuing non-TNFi biologics.^[@R13]^

Registries combining assessments of similar mAbs across disciplines and clinical indications (neurology, oncology, gastroenterology, and rheumatology), as well as compulsory postmarketing registries monitoring women who become pregnant or elect to breastfeed on treatment, could increase the number of samples available for analysis. Furthermore, these samples could also be used to determine whether the immune and metabolic profile of breastmilk differs in women with and without chronic conditions.^[@R57]^ Once additional data are available for mAb transfer into breastmilk when used in neurologic disorders, this should be incorporated into treatment guidelines in neurology. While awaiting additional studies, data presented here may provide some reassurance for low mAb transfer to breastmilk, although study of breastmilk transfer of individual therapies and effects on children is needed.
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